Objective: The critical role of adipose tissue in energy and nutrient homeostasis is influenced by many external factors, including overnutrition, inflammation, and exogenous hormones. Prior studies have suggested that glucocorticoids (GCs) in particular are major drivers of physiological and pathophysiological changes in adipocytes. In order to determine whether these effects directly require the glucocorticoid receptor (GR) within adipocytes, we generated adipocyte-specific GR knockout (AGRKO) mice. Methods: AGRKO and control mice were fed chow or high fat diet (HFD) for 14 weeks. Alternatively, AGRKO and control mice were injected with dexamethasone for two months. Glucose tolerance, insulin sensitivity, adiposity, lipolysis, thermogenesis, and insulin signaling were assessed. Results: We find that obesity, insulin resistance, and dysglycemia associated with high fat feeding do not require an intact GR in the adipocyte. However, exogenous dexamethasone (Dex) promotes metabolic dysfunction in mice, and this effect is reduced in mice lacking GR in adipocytes.
INTRODUCTION
Adipose tissue plays an important role in energy homeostasis, serving not only as the primary depot for caloric storage but also as an integrator of nutrient, hormonal, and immune signaling [1] . Under normal conditions, adipose tissue regulates processes as varied as appetite, thermogenesis, the fastingefeeding transition, blood pressure, and others. In overnutrition, adipose tissue becomes dysfunctional, developing progressive insulin resistance within the adipocyte compartment itself and ultimately contributing to systemic alterations in insulin sensitivity and lipid handling. Among the hormonal factors that participate in the control of adipose behavior, glucocorticoids (GCs) are among the best studied. GCs (mainly cortisol in man and corticosterone in rodents) are produced by the adrenal cortex under the control of the hypothalamus and pituitary gland. GCs have been implicated in multiple aspects of adipose tissue biology, including fat cell differentiation [2e4], lipogenesis and lipolysis [5] , and thermogenesis [6e10] . Exposure to high levels of endogenous or exogenous GCs causes profound adipose remodeling, including central obesity and peripheral wasting, as well as severe insulin resistance and hyperglycemia [11] . In mice, administration of GCs causes metabolic dysfunction that is highly reminiscent of that seen in human studies and transgenic overexpression of 11b-hydroxysteroid dehydrogenase 1 (11b-HSD1) in fat, which increases active GC levels and leads to increased adipose tissue mass, insulin resistance, and diabetes [12] . In our prior work, we have focused on the mechanisms by which cellular insulin resistance develops in adipocytes. We noted that insulin resistance is a common phenotype associated with both proinflammatory cytokines and anti-inflammatory GCs like dexamethasone (Dex), and we utilized genomic and epigenomic approaches to identify common pathogenic pathways [13, 14] . Interestingly, the glucocorticoid receptor (GR, encoded by Nr3c1) was implicated in these studies as a driver of insulin resistance in the presence of either Dex or TNF-a. Here we explore three questions: 1) To what extent does GR within adipocytes participate in the development of insulin resistance in living animals, 2) do exogenous GCs cause metabolic dysfunction by acting through the GR in adipocytes, and 3) what other adipocyte functions are regulated by intrinsic GR? To address these questions, we deleted the GR selectively in adipocytes using the cre-loxP system in mice. We demonstrate that adipocyte GR participates in lipolysis but, surprisingly, does not contribute to altered glucose homeostasis or insulin resistance in the setting of diet-induced obesity. Administration of Dex, however, causes insulin resistance that depends upon the presence of GR in adipocytes.
METHODS

Animal experiments
To generate AGRKO mice, we crossed Adiponectin-Cre mice (Jackson Laboratory, 010803) [15] with GR floxed mice (Jackson Laboratory, 021021). For high fat feeding studies, 6-week old littermate Flox (GR flox/flox ) and AGRKO mice were fed 58% high fat diet (12331i, Research Diets) for 14 weeks. For studies using dexamethasone (Dex), 16-week old littermate Flox and AGRKO mice were administered saline or dexamethasone sodium phosphate (3 mg/kg body weight; Santa Cruz Biotechnology) intraperitoneally every other day for 2 months. Body weight was measured weekly. Mice were subjected to magnetic resonance imaging (MRI) (Echo Medical Systems) to examine body compensation. Tissues were harvested, frozen in liquid nitrogen, and stored at À80 C until used. For cold exposure experiments, mice were placed at 4 C for up to 6 h. Body temperature was measured using a rectal probe (Yellow Spring Instruments 
Protein extraction and western blotting
Protein was extracted from tissues in RIPA buffer (Boston BioProducts) supplemented with complete protease inhibitor cocktail (Roche). Fat pads were fractionated into adipocytes and non-adipocytes as described [16] . Lysates were separated by 4e15% gradient SDS-PAGE and transferred to PVDF membrane (Millipore). The following antibodies were used: Akt (#9272), p-Akt (S473) (#9271), p70S6K
, and a/b-tubulin (#2148), all from Cell Signaling Technology. GR (M-20) was from Santa Cruz. UCP-1 (ab10983), total OXPHOS (ab110143), and Tomm20 (ab56783) were from Abcam. All blots were quantified using ImageJ software (National Institutes of Health, Bethesda, MD).
Histology
Collected fat tissues were fixed in 4% formaldehyde for 48 h at 4 C and washed with PBS. Paraffin embedded tissues were stained with H&E, and images were acquired using a Zeiss-Axio Imager A1 microscope. Adipocyte size was quantified using ImageJ software (NIH).
Plasma parameters
Blood samples were collected from fasted mice in EDTA-coated blood collection tubes and plasma insulin levels were measured by ELISA kit according to the manufacturer's instructions (Crystal Chem). Plasma levels of triglycerides and nonesterified fatty acids (NEFA) were determined using kits from Thermo Scientific and Wako Diagnostics, respectively.
Lipolysis assay
For in vivo studies, mice were fasted for 4 h and injected with isoproterenol (10 mg/kg body weight). Blood was collected from the tail vein before and 20 min after injection. Glycerol was determined using a kit from SigmaeAldrich, and NEFA content was measured as above. For ex vivo studies, epididymal fat pads were surgically removed from male mice and washed with ice-cold PBS. Excised adipose tissue pads (10e20 mg) were incubated in the presence or absence of 1 mM isoproterenol with DMEM for 0e2 h at 37 C with gentle shaking.
Insulin signaling
Mice were fasted overnight, followed by IP insulin injection (10 U/kg body weight). Ten minutes later, tissues were collected and stored at À80 C until use. Tissue samples were homogenized in RIPA buffer containing protease inhibitor (Roche) and phosphatase inhibitor (SigmaeAldrich) and subjected to western blotting. 
RESULTS
Adipocyte GR is not required for the development of insulin resistance after high-fat diet feeding
To determine whether GR in mature adipocytes mediates insulin resistance in vivo, we generated adipocyte-specific GR knock out (AGRKO) mice by crossing adiponectin-Cre mice [15] with GR flox/flox (hereafter referred to as Flox) mice. AGRKO mice displayed reduced GR protein levels in BAT and epididymal WAT (eWAT), while displaying normal expression in non-adipose tissues such as liver, spleen, and muscle (Supplementary Figure 1A) . The residual GR protein in AGRKO adipose tissue is likely from non-adipocytes, which make up at least half of the cells in a fat pad [17] . To prove this, we isolated the mature adipocyte fraction from inguinal white adipose tissue (iWAT) and eWAT and noted near complete absence of GR protein in isolated adipocytes of AGRKO mice (Supplementary Figure 1B) . Deletion of GR in adipocytes had no effect on body weight and body composition on chow diet (Supplementary Figure 1C and D). AGRKO mice did not have different fasting plasma insulin levels (Supplementary Figure 1E ). In addition, they did not show differences in glucose tolerance or insulin sensitivity (Supplementary Figure 1F and G).
To test the role of adipocyte GR in the development of insulin resistance associated with diet-induced obesity, we fed Flox and AGRKO mice a high-fat diet (HFD) for 14 weeks. Both genotypes gained weight on the diet, and although AGRKO mice displayed a trend towards more weight, the difference was not significant ( Figure 1A ). Histological analysis of eWAT, iWAT, and BAT also showed no obvious differences between the genotypes (Supplementary Figure 2A) . By contrast, we found that AGRKO mice had significantly decreased levels of plasma triglycerides (TG) and non-esterified fatty acids (NEFA) compared to control mice ( Figure 1B and C). Gene expression analysis of eWAT indicated that most of the genes assessed were not differentially expressed in AGRKO mice, with the exception of a modest elevation in Gpat4 (Supplementary Figure 2B) . Liver of AGRKO mice showed a trend toward a decrease of genes involved in lipid metabolism and gluconeogenesis with significant decrease of Mttp (microsomal triglyceride transfer protein ( Figure 1D) ), suggesting that TG and lipid homeostasis is slightly changed in AGRKO mice on HFD. Next, to study glucose homeostasis of AGRKO mice in the setting of diet-induced obesity, we measured fasting plasma insulin levels, which were not different between the two genotypes ( Figure 1E ). Similarly, glucose and insulin tolerance tests were not distinguishable between AGRKO and Flox control mice ( Figure 1F and G). We considered whether compensation by the mineralocorticoid receptor (MR, encoded by Nr3c2) could account for the lack of strong effect of GR ablation. Prior studies on MR abundance have used whole tissue, so we examined both whole tissue and intra-adipocyte Nr3c1 and Nr3c2 levels, using RNA-seq data obtained by Translating Ribosome Affinity Purification (TRAP), reported previously [17] . These data indicate that the GR is expressed at approximately 20-fold greater levels than MR in adipocytes (Supplementary Figure 3A) . Furthermore, adipose Nr3c2 levels did not rise in compensation in high fat fed AGRKO mice (Supplementary Figure 3B) , suggesting that MR is unlikely to compensate for the loss of GR.
Dexamethasone administration increases adiposity independently of GR in adipocytes
As we found a minor role of adipocyte GR in the development or complications of diet-induced obesity, we next examined the role of adipocyte GR in metabolic disorders induced by exogenous glucocorticoids. We chose Dex as the agent to administer, because it does not cross-react with the mineralocorticoid receptor; this allows us to more purely test the effects of GR. We gave a low dose of Dex or saline vehicle to the Flox control and AGRKO mice, starting at the age of 4 months, every two days for 8 weeks. This Dex regimen did not affect body weight in either group (Figure 2A ), but Dex-treated mice displayed a trend toward increased adipose tissue (eWAT and iWAT) weight compared to saline-treated controls in both genotypes ( Figure 2B ). Histological analysis showed that Dex treatment increased adipocyte size in eWAT and iWAT, but had a more obvious effect on iWAT in both Flox and AGRKO groups ( Figure 2C,D) . These results suggest that Dex treatment increases adipocyte hypertrophy, especially in iWAT, but this effect is independent of the action of GR in adipocytes.
3.3. AGRKO mice are protected from Dex-induced insulin resistance Glucocorticoids generally, and Dex in particular, are well-known to cause dysglycemia and insulin resistance in rodents and humans [11, 12] , although it is not known if the adipocyte is a relevant site of action for this effect. To assess whether the adipocyte GR participates in the altered glucose homeostasis associated with pharmacological treatment with glucocorticoid, we analyzed several metabolic parameters in Flox and AGRKO mice. In Flox mice, Dex treatment resulted in elevated fasting glucose, fasting insulin levels, and increased HOMA-IR, a measure of insulin resistance (Figure 3AeC ). Dex caused a similar but slightly smaller than normal increase in fasting glucose levels in AGRKO mice ( Figure 3A) . However, fasting insulin levels and HOMA-IR were not as Dex-inducible in the absence of GR ( Figure 3B and C). Similarly, glucose tolerance testing revealed that Flox mice treated with Dex displayed worse glucose intolerance relative to mice treated with saline ( Figure 3D and E). AGRKO mice, on the other hand, showed less pronounced glucose intolerance after Dex treatment ( Figure 3D and E). This effect was even stronger in an insulin tolerance test, in which Dex caused a significant degree of insulin resistance in Flox mice but not in AGRKO mice ( Figure 3F and G). Taken together, these results indicate that GR in adipocytes plays an important role in glucocorticoid-mediated insulin resistance.
3.4. Loss of GR in adipocytes protects from Dex-induced muscle insulin resistance To determine the contribution of different metabolic organs to systemic insulin sensitivity after Dex administration, we tested the insulin signaling pathway in eWAT, liver, and muscle (gastrocnemius and soleus). Consistent with our prior results in cultured adipocytes [3] , Dex did not reduce Akt and p70S6K phosphorylation in eWAT ( Figure 4A and B). A similar result was seen in liver (Supplemental Figure 4C and D). Intriguingly, however, both soleus and gastrocnemius muscles showed reduced Akt or p70S6K phosphorylation in the presence of Dex, and this effect was significantly (though not completely) abrogated in AGRKO mice ( Figure 4C , D and Supplementary Figure 4A , B). These data indicate that muscle insulin resistance induced by Dextreatment was partially rescued by the loss of GR in adipocytes. Since Dex treatment is known to cause muscle atrophy [18] , we tested whether muscle insulin sensitivity is linked with muscle atrophy. In Flox mice, Dex treatment induced the expression of several muscle atrophy marker genes, such as Fbxo32/Atrogin-1, Foxo3, Trim64/ Murf1 and Pik3r1/p85. Similar Dex-induced gene expression changes were observed in AGRKO mice (Supplementary Figure 4E) . These results indicate that the improved muscle insulin sensitivity of AGRKO mice in the setting of Dex administration is likely to be independent of changes in muscle atrophy.
Dex causes lipid accumulation in brown fat in a GR-dependent manner
Dex changed the histological appearance of BAT, causing lipid accumulation and an apparent whitening of the tissue ( Figure 5A ). This was associated with the induction of several genes of white adipose tissue, such as Retn and Nnat (but not Lep) ( Figure 5B ). Importantly, ablation of GR in adipocytes blocked these "whitening" actions of Dex ( Figure 5B ). Glucocorticoids have been shown to suppress Ucp1 expression in cultured rodent adipocytes [6, 10] . Interestingly, our Dex regimen did not change the level of UCP-1 protein ( Figure 5B ). The absence of GR also did not significantly alter mitochondrial protein levels, in either the presence or absence of Dex ( Figure 5C ). Taken together, these data suggest that the increased lipid accumulation in BAT after Dex may not be due purely to reduced thermogenesis but may also involve a lipogenic or pro-whitening effect that does not require suppression of the classical BAT signature. 
Adipocyte GR is required for lipolysis
Reduced NEFA in AGRKO mice ( Figure 1C ) suggested that adipocyte GR may play a role in lipolysis. We therefore measured plasma glycerol and NEFA under basal (4 h fasted) and isoproterenol-stimulated conditions. Basal levels of plasma NEFA and glycerol in vivo were not different between the genotypes, but isoproterenol-stimulated lipolysis was significantly reduced in AGRKO ( Figure 6A and B). Similar lipolysis defects were observed with adipose explants; both basal (120 min) and isoproterenol-stimulated glycerol release was reduced in AGRKO mice ( Figure 6C and D) . When exposed to 4 h cold challenge (a physiological lipolytic stimulation), AGRKO mice displayed significant lower glycerol and NEFA levels compared to Flox mice ( Figure 6E and F) . Taken all together, these data indicate that GR is required for normal adipocyte lipolysis.
To dissect out the mechanism by which GR regulates lipolysis, we analyzed our published H3K27ac ChIP-seq data with 3T3-L1 adipocytes treated with Dex to determine whether the expression of key lipolytic genes, including Plin1, Pnpla2 (encoding adipose triglyceride lipase; ATGL), Lipe (encoding hormone-sensitive lipase; HSL), and Mgll, is changed in response to Dex treatment in adipocytes. We found that only Pnpla2 displayed increased H3K27ac peak activity in response to Dex (Supplementary Figure 5A) . We then measured the expression of these lipolysis genes in eWAT after Dex treatment and found Pnpla2 was significantly increased by Dex while Mgll was unchanged, and Plin1 and Lipe were reduced, suggesting that Pnpla2 is a key target gene of the GR in adipocytes (Supplementary Figure 5B) . Consistently, we observed that Pnpla2 expression was significantly decreased in AGRKO mice compared to Flox mice, while other lipolysis genes were unchanged (Supplementary Figure 5C ).
DISCUSSION
The GR is a transcription factor expressed in nearly all vertebrate cell types. In response to circulating glucocorticoids, the GR coordinates an enormous range of transcriptional programs with effects on cellular differentiation, the stress response, inflammation, and many other biological processes [19] . In adipose tissue, GCs have been implicated in adipogenesis, as well as lipolysis, lipogenesis, and insulin resistance [2, 3, 5, 11] . GCs also repress Ucp1 expression and reduce thermogenesis in vivo and in cultured rodent brown adipocytes, although they may have different effects in humans [6e10]. Finally, GCs are also associated with significant remodeling of adipose tissue, with central obesity and supraclavicular fat deposition noted in patients with both pharmacological and endogenous GC excess. Adipose-specific overexpression of 11-bHSD1, which increases local concentrations of active GC, causes visceral obesity and insulin resistance, while overexpression of 11-bHSD2, which inactivates local GCs, has the opposite effects [12, 20] . Importantly, our prior data using cultured adipocytes demonstrated a role for the GR in mediating cellular insulin resistance in response to both Dex and TNF-a [14] . We sought to ascertain which actions of GCs are mediated directly through adipose tissue in vivo, using Cre-lox technology to selectively delete the GR in white and brown adipocytes. Despite the vast amount of suggestive data mentioned above, our results surprisingly indicate that adipocyte GR is not required for the glucose intolerance and insulin resistance associated with diet-induced obesity. We also asked whether exogenous GCs work through the adipocyte GR to affect metabolism. Dex did not cause weight gain in our model, but there was a trend towards increased adiposity that was not dependent on the presence of GR in white adipocytes. In BAT, however, Dex caused a large increase in lipid accumulation and the expression of several genes associated with "whitening", and this effect absolutely required GR to be present in adipocytes ( Figure 7) . Interestingly, our Dex regimen did not affect UCP1 protein expression, although others have reported a reduction [6] . Most interestingly, Dex-induced insulin resistance was ameliorated in AGRKO mice (though not Dex-induced glucose intolerance), and this effect was associated with improved insulin signaling in muscle, but not WAT. This is not to say that the adipocyte GR plays no role in energy metabolism, as AGRKO mice exhibit reduced catecholaminestimulated lipolysis in vivo and ex vivo (Figure 7 ). This effect seems likely to be mediated through GR-induced expression of Pnpla2, as this gene was concordantly affected by Dex and by loss of GR.
It should be pointed out that there have been other recent studies of AGRKO mice, and as is typical of metabolic phenotyping studies there are some striking similarities as well as some important differences relative to our findings. Consistent with our work, Desarzens et al. [21] and Bose et al. [22] reported no change in body weight, insulin, or glucose tolerance on a high fat diet. Mueller et al. [23] , on the other hand, reported that AGRKO mice were somewhat leaner and more insulin sensitive than control littermates in the setting of both aging and 20 weeks of high fat feeding. As in our study, this last group also showed that AGRKO mice have a defect in lipolysis. Only one other study tested the effect of Dex administration in AGRKO mice; Bose et al. saw a trend toward improvement in insulin action after Dex that ultimately failed to meet significance. Liver-specific GRKO mice, however, were somewhat protected from the metabolic consequences of Dex in that study. Although all of these findings are not fully reconcilable, taken together the majority of the data suggests that the GR in adipocytes may play a less important role than previously thought in insulin resistance caused by overnutrition (Figure 7 ). In this light, it is worth pointing out that there has also been a recent re-evaluation of what had been considered to be a critical role for the GR in adipocyte differentiation. In these studies, cells without GR were fully able to differentiate in vitro, although the process was a bit delayed, while fat formation in vivo was unaffected by the absence of GR [24] . Another recent study showed that GCs require the presence of the pioneer factor Foxa2 in adipocytes in order to mediate some, but not all, gene expression events [25] . Genes of lipid handling, such as Lipe and Lpin1 (encoding a key enzyme in triglyceride synthesis) were notably dependent upon Foxa2. Furthermore, in this study Dex caused obesity, but only when Foxa2 was present. In our work, we saw a reduction in Lipe and Lpin1 levels in AGRKO mice after high fat feeding that did not quite reach significance (Supplementary Figure 2B) . In addition, our Dex regimen was able to promote insulin resistance in the absence of weight gain, demonstrating that enhanced adiposity is not required for GCs to alter glycemia. The effect of GCs on brown adipose tissue is complex, and may be different between rodents and humans [6,7,9,10]. As with white fat, GCs have long been considered to be critical for brown adipogenesis, although recent data refute this notion. Mice lacking the GR in the Myf5þ lineage that gives rise to BAT have normal BAT amounts and function [24] . Treatment of murine brown adipocytes ex vivo or in vitro with GCs typically reduces Ucp1 expression, an effect that is especially pronounced when basal Ucp1 levels are stimulated by the addition of a b-adrenergic agonist [26] . However, UCP1 and mitochondrial electron transport chain protein levels in our data are not altered by either the absence of the GR or by the addition of Dex. Instead, we did see an increase in lipid accumulation in BAT from Dex-treated mice, an effect not noted when the GR was ablated. This is consistent with data from the Harris group, who reported lipogenic gene induction in BAT after Dex administration (e.g. Dgat2, Gpat4, Lpin1), which was blocked in their AGRKO mice [22] . Taken together, our data suggest that exogenous GCs may affect lipid handling in brown adipocytes directly through local GR, but the GR is unlikely to exert large effects on the thermogenic function of BAT. One possible interpretation of the finding that the adipocyte GR is dispensable for the development of diet-induced obesity and insulin resistance is that the MR may play a more important role in these processes. Endogenous GCs, such as cortisol in humans and corticosterone in rodents, can act as agonists of the mineralocorticoid receptor and, in fact, have ten-fold higher affinity for the MR than for the GR [27] . Furthermore, MR expression has been reported to be elevated in the adipose tissue of obese rodents and humans, and overexpression of MR in fat causes obesity and insulin resistance [28, 29] . Finally, the MR antagonist eplerenone reverses the metabolic dysfunction associated with obesity in mice [30] . It is worth noting, however, that prior studies showing elevated MR levels in adipose tissue have been done with whole tissue samples, which contain a mixture of cell types. We have obtained sequence-based (i.e. not prone to hybridization artifact) gene expression profiles from a pure population of translating ribosomes, which reveal very low Nr3c2 mRNA levels in adipocytes. Furthermore, MR levels do not increase in AGRKO mice. A definitive experiment would involve studying a combined adipocyte-specific GR and MR double knockout mouse, but this has never been done. Certainly these issues motivated, in part, our choice of dexamethasone as an exogenous GC, as Dex is devoid of MR agonist activity. 
Original Article
One interesting result from our study was that AGRKO mice were protected from Dex-mediated reduction of insulin signaling in muscle but not in fat. Although Dex can promote atrophy in muscle via intramyocyte GR [31] , atrophy-associated genes in muscle were not differentially expressed in AGRKO mice after Dex. It is possible that circulating factors secreted from adipose tissues affect muscle insulin action, such as resistin. Resistin mRNA levels rose in BAT in the presence of Dex, and this did not occur in AGRKO mice. Taken as a whole, our data do not support a role for the adipocyte GR in the insulin resistance associated with diet-induced obesity. This is in accordance with most, but not all, of the recent data from other groups. It is not unusual for metabolic phenotyping data to be discordant across different laboratories, even when background strain and other mouseintrinsic variables are held rigorously constant [32] . At a minimum, the emerging picture strongly suggests that a demonstrable role for adipocyte GR in the metabolic dysfunction of high-fat feeding is not robust or highly reproducible.
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